For both logistical and scientific
future states under a changing climate (Barange et al., 2010) .
Modeling (or, for that matter, observing) the global ocean down to turbulence scales and all the species in a food web is, to date, an impossible task. Thus, the GLOBEC program focused its efforts on four coastal systems (Northwest Atlantic, California Current, Coastal Gulf of Alaska, and the western Antarctic Peninsula; see Turner et al., 2013, in this issue) that represent a range of environmental and ecosystem conditions. For the biology, the emphasis-though not exclusively-was on the early life stages of selected key species (deYoung et al., 2004) and the connection to the underlying dominant physics of the particular system (e.g., upwelling, buoyancy-driven flows, sea ice). Field observations collected by GLOBEC were designed to improve our knowledge of the systems directly, provide data for evaluating model output (skill assessment; e.g., Stow et al., 2009) , and enable improved model performance through data assimilation. The assimilation of observations into models was recognized as a means of improving model fidelity for both physics and biology.
For both logistical and scientific
INTRODUCTION
The US Global Ocean Ecosystem Dynamics (GLOBEC) program emerged from the recognition that variability in ocean ecosystems is intricately connected to a changing climate (e.g., Steele, 1998) . Furthermore, because the early life stages of many organisms are planktonic, there is a strong coupling between the biology and the physics in the ocean and, by extension, Earth's climate. The program recognized that physical oceanographers and marine biologists needed to work together to evaluate how population and ecosystem dynamics are linked to physical phenomena across a wide range of temporal and spatial scales.
From the beginning, the GLOBEC program highlighted numerical modeling and, in particular, coupled bio-physical models, as central to its ability to both test current understanding of ecosystem dynamics and to anticipate potential ABSTR ACT. From the planning days preceding the establishment of the US Global Ocean Ecosystem Dynamics (GLOBEC) program, modeling was recognized as one of the program's pillars. In particular, predictions of future ecosystem states in an evolving climate system required new interdisciplinary approaches that brought together physicists, biologists, modelers, and observational scientists. The GLOBEC program coincided with, took advantage of, and contributed to significant advances in ocean modeling capabilities. During the GLOBEC years, computer power increased substantially to the point where coupled physical-biological models, at resolutions where important interactions are resolved, became feasible. Ocean models were maturing so that complex coastal processes were explicitly represented, and advances in different ways of modeling the biosphere, from Lagrangian individuals to Eulerian community-based, multitrophic models, were emerging. The US GLOBEC program addressed the question: How can we use all these developments to help us understand how ecosystems will respond to climate change? This paper includes a review of stateof-the-science modeling at the onset of the GLOBEC program and highlights the evolution of physical and biological models used for the program's target regions and species throughout the GLOBEC years, 1992 GLOBEC years, -2012 reasons, the scope of the biological modeling focused on ecology, specifically, population dynamics of selected key species, rather than on biogeochemical cycles (e.g., deYoung et al., 2010).
The logistical rationale was to minimize overlap of the US GLOBEC program with US JGOFS (Joint Global Ocean Flux Study), which were two of the large, multiregional programs within the US Global Change Research Program portfolio 
It is estimated that approximately
15-20% of all US GLOBEC funding over 20 years was devoted to research that could be labeled "modeling. " While not all of that was bio-physical modeling, it is the coupled models that ultimately led to new understanding and were most responsive to the goals of the program.
It is also important to emphasize that the modeling activity in GLOBEC was dependent on the physical and ecological
BOX 1. DEFINITIONS OF MODEL T YPES: IMPORTANT TERMS AND CONCEPTS
ADJOINT TECHNIQUE: A technique used in some types of data assimilation to speed up the computations used in the minimization of model-data misfits.
BIOENERGETIC MODEL: A model of the energy flow in a living system. Typically, this includes modeling processes affecting the growth (caloric ingestion), reproduction, respiration (movement), and excretion of an organism.
DATA ASSIMILATION:
A technique by which observational data are used to improve model simulations. 
DIAPAUSE:

MODELS OF THE OCEAN PHYSICS
The desire to make the connection between climate drivers and local ecosystem dynamics led to development and implementation of numerical models with a range of techniques addressing the multiscale nature of the problem.
One of the earlier models implemented in the Northwest Atlantic region was based on unstructured finite elements capable of intelligently refined resolution. This model, QUODDY (Lynch et al., 1996 ; Figure 1 ), was used to study the drift of scallop larvae on Georges Bank (Tremblay et al., 1994) , as well as to study the transport of cod and haddock on Georges Bank (see below). 
COUPLED BIO-PHYSICAL MODELS
In reviewing recent advances in coupled bio-physical modeling in GLOBEC, it is appropriate to recognize that the earliest bio-physical models in oceanography were those of Gordon Riley (1942 Riley ( , 1946 Riley ( , 1947 , who was studying phytoplankton production and zooplankton populations on Georges Bank (one of the four regions studied by US GLOBEC). In the two decades that encompass the GLOBEC years , coupled bio-physical modeling advanced greatly. These advancements were achieved because of the confluence of (1) In the next sections, various approaches to ecological modeling that formed part of the GLOBEC program are described. These include models that were specifically designed to address questions pertaining to the 
mesozooplankton). Combined
Eulerian-Lagrangian models (ELMs)
were used to examine many processes in GLOBEC regional studies. When temperature and food fields are included in
ELMs to explicitly simulate the ingestion, respiration, reproduction, and mortality of individuals, they are usually referred to as bioenergetics models, which are described in a subsequent section.
The development of more sophisticated and higher spatial resolution ocean hydrodynamic models over the past two decades (e.g., ROMS, FVCOM)
improved the representation of temporal and spatial variations of temperature and currents, and it also improved their reliability when coupled with ecological models (Powell et al., 2006; Fiechter et al., 2011) or with transport models (Werner et al., 1993; Johnson et al., 2006; Piñones et al., 2011 Piñones et al., , 2013 (Mitarai et al., 2009; Petersen et al., 2010; Drake et al., 2011) . The primary elements of the modeling system include (1) a climate forcing model, (2) a nested hierarchy of (global/basin/regional/local) physical circulation models for the ocean and the atmosphere, (3) one or more food web models including mass balance network models and NPZD models, (4) one or more individual-based models for relevant higher trophic level species, and, finally, (5) appropriate mechanisms (possibly utilizing advanced data assimilation) for comparison and/or fusion of these forward models with available retrospective and contemporary data sets (GLOBEC, 2007) . 
LOWER TROPHICS AND NUTRIENT DYNAMIC MODELS
BIOENERGETICS MODELS
Because recruitment and year class strength are presumed to be controlled by processes that occur early in the life history of organisms (following Hjort, 1914; Leggett and Deblois, 1994) , emphasis has been placed on modeling that enables integration of processes that affect growth rates of larvae at local scales (food and temperature) with processes that affect populations at regional scales (advective losses). Two early US GLOBEC models focused on the circulation on Georges
Bank and its effect on the transport of larvae spawned on the bank (regional scale). The results showed the importance of the larvae's vertical depth and directional swimming behavior (Werner et al., 1993) and interannual variability in wind conditions on retention of larvae on Georges Bank (Lough and Potter, 1993) . Werner et al. (1996) is influenced by both initial depth (75-250 m) and active depth control (passive transport, or depth-or density-seeking behaviors). Upper panels show the initial regions of diapausing copepods for each depth range (gray regions). Land is green and ocean is blue. Figure modified from Johnson et al. (2006) mortality by starvation). Starvation was most important in first-feeding larvae. Similar bioenergetics-based modeling has been done for other pelagic species, ranging from juvenile salmon to copepods (Miller et al., 1998; Batchelder et al., 2002b; Neuheimer et al., 2009; Ji et al., 2009; Stegert et al., 2012) , euphausiids (Dorman et al., 2011; Lowe et al., 2012; Lindsey, 2014) , and larval cod and/or haddock (references above; Leising and Franks, 1999 (Daly, 1990) .
Early modeling of the bioenergetics of food source for larval krill after ice formation (Fritsen et al., 2008) . In the Southern Ocean GLOBEC program, the bioenergetics approach was also used to track the flow of energy through the ecosystem, from primary to upper trophic level productivity, and its response to varying environmental conditions Figure 6 . Source regions (inset plot) and simulated trajectories for particles released along the shelf break of the western Antarctic Peninsula. The source regions represent particles that entered the Marguerite Bay shelf region as euphasiid larval stages calyptopis 1, furcilia 3, and furcilia 6 (green-, blue-, and black-dot trajectories, respectively). Generally, most of these studies were directed at understanding how a species coped with environmental hardships, whether it was avoiding transport to unfavorable environments (or the converse, retention in favored regions), or periods of sustained adverse temperatures or low food availability. The progressive inclusion of new physiological and behavioral details and the environmental conditions that influence these processes have led to increased understanding of the mechanisms that contribute to larval survival and the potential for large year classes.
POPUL ATION DYNAMICS/ LIFE HISTORY MODELS
One of the early goals of the GLOBEC program was "a modeling effort to determine how well we are able to put together our present knowledge of physical oceanography with the known population biology of marine organisms that have numerous, distinct, planktonic life stages" (GLOBEC, 1991, p. 4) Coupled bio-physical population models were developed by GLOBEC to understand the spatio-temporal distribution pattern of zooplankton species in the North Atlantic (e.g., Ji et al., 2009; Stegert et al., 2012) , Northeast Pacific (Dorman et al., 2011) , and Southern Ocean . In the North Atlantic, Ji et al. (2012a) used a coupled hydrodynamics/food-web/populationdynamics model to assess the sensitivity of the small copepods Pseudocalanus spp. and Centropages typicus to changes in phytoplankton biomass and bloom timing, as well as to changes in mortality regime. The results showed that the population size in these copepods is more sensitive to changing (predation) mortality than to changes in food availability and peak timing. However, top-down control is difficult to observe and quantify (Davis, 1984; Ji et al., 2012a) . (Ballerini et al., in press ).
In a different approach, Batchelder to transport and disperse C. finmarchicus during the vernal bloom period (January to June). Data assimilation was used to minimize the mismatch between the monthly climatologically modeled 
END-TO-END FOOD WEB MODELS
During the synthesis phase of GLOBEC, substantial effort was directed toward developing more holistic descriptions (models) of the regional ecosystems-so called "end-to-end (E2E) food web models" (Ruzicka et al., 2013, in this issue) .
This was a new activity for GLOBEC, which previously had focused on population dynamics of individual target species of interest. E2E models were developed for Georges Bank/Northwest Atlantic (Steele et al., 2007) , Northern California Current , and Southern Ocean (Murphy et al., 2012 (Murphy et al., , 2013 . Food web structures within an ecosystem can shift significantly due to climate forcing (Francis et al., 2012; Ruzicka et al., 2012) . Steele and Gifford (2010) compare E2E and population dynamics approaches, concluding that they are complementary, and noncontradictory. Steele et al. (2013) describe how such models could be used in resource management and decision making.
End-to-end models hold promise for an eventual link between GLOBEC research and managers, whose mandates include ecosystem approaches to resource management (Barange et al., 2011; Fogarty et al., 2013, in this issue) . 
US GLOBEC MODELING ACCOMPLISHMENTS AND EMERGING APPLICATIONS
US
